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REMARKS 

Favorable reconsideration of this application is requested in view of the following 
remarks. 

Claim 1 has been amended as supported by the specification at page 3, lines 13-20 
and page 3 , line 29 - page 4, line 1 3. Claim 1 0 has been amended as supported by the 
specification at page 3, line 29 - page 5, line 6, and page 34, line 6 - page 35, line 13. 
Claim 13 has been added as supported by the specification at page 3, line 29 - page 4, 
line 13, page 5, lines 7-26, and page 34, line 6 -page 35, line 13. Claims 1, 4, and 10-12 
have been amended editorially. 

The PCT/JP04/019049 application was filed on December 21, 2004 claiming the 
priority of JP 2004-016075 filed on January 23, 2004. The foreign priority based on JP 
2004-016075 was claimed in the present application filed on July 1 1, 2006. A PCT 
notification concerning submission/transmittal of priority document is submitted 
herewith. 

Claims 1-12 have been rejected under 35 U.S.C. 1 12, second paragraph, as being 
indefinite. Applicants respectfully traverse this rejection. 

Applicants respectfully note that this rejection is directed to claim 1 0 only. Claim 
10 is not a basis of claims 1-9 and 1 1-12, and accordingly, the rejections of claims 1-9 
and claims 11-12 should be excluded from this rejection. 

Claim 10 has been amended to clarify that the substituent is an optionally 
substituted alkyl group, which includes the alkyl group that is exemplified at page 4, line 
14 - page 5, line 6 and the other substituent groups containing an alkyl group such as 
those listed at page 3, line 29 - page 4, line 13 of the specification. Claim 13, which 
includes an optionally substituted alkenyl as the substituent of the aromatic ring as 
suggested in the Office Action, has been added. Accordingly, the substituents in claims 
10 and 13 are clear, and this rejection should be withdrawn. 
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Claims 1-12 have been rejected under 35 U.S.C. 1 12, first paragraph, as not being 
complying with the enablement requirement. Applicants respectfully traverse this 
rejection. 

This rejection heavily relies on the working examples in the specification. In 
order to satisfy the enablement requirement, working examples in the specification that 
include all and every species in the claims are not necessary. There is no absolute 
requirement to provide even one working example to satisfy enablement. In the method 
of claim 1 of the present application, those skilled in the art can easily switch one or both 
of the catalysts from those included in the working examples 1 -1 0 to the other 
combinations of the catalysts listed in claim 1 without undue experiment (see examples 
1-10 at page 53, lines 4-15, page 54, line 6-9, page 55, lines 3-6, page 56, lines 1-4, page 
57, lines 1-4 and 18-21, page 58, lines 12-15, page 59, lines 6-9, and page 60, lines 3-6, 
and page 61, lines 3-6, respectively). Further, Applicants submit a publication describing 
working combinations including the rhodium catalyst or the ruthenium catalyst other than 
those used in examples 1-10 of the present application, prepared by the first listed 
inventor of the present application and his colleagues (see "H-D Exchange Reaction 
Taking Advantage of the Synergistic Effect of Heterogeneous Palladium and Platinum 
Mixed Catalyst", Synthesis 2008, 9, 4167-1478, table 1 on page 1469 attached hereto). 
For example, each of Rh and Ru increases deuteration yields when combined with Pd or 
Pt compared to those when Rh or Ru are used alone, and a combination of Rh with Pt and 
that of Ru with Pt work particularly works well (see id). Accordingly, those skilled in 
the art would have no difficulty practicing the full scope of claim 1 and claims 2-13, 
which ultimately depend from claim 1, from the disclosure in the specification, and this 
rejection should be withdrawn. 

Claims 1-8 and 10 have been rejected under 35 U«S.C. 102(b) as being anticipated 
by Kalpala et al. (Green Chemistry 2003, 5, 670-676). Applicants respectfully traverse 
this rejection. 

Kalpala discloses catalysts including Pt and Pd used in the reaction with 2- 
methylnaphthalene (see table 1 on page 671). It is clear from the table and the 
reference's disclosure that the Pt and Pd catalyst are not mixed because the catalysts used 
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as a combination are indicated by such as "KOH+NH 3 " and "NaOH+DMSO" (see 
id.) or described such as "Na 2 C0 3 and NaOH" or "Na 2 C0 3 , NaOH, and Pd" (see page 
673, right coin, second para. - page 674, left coin, line 14 and system B in Fig, 4 on page 
674). Thus, the reference fails to disclose the method using the mixed catalyst such as 
the Pt catalyst and Pd catalyst as claim 1 recites. 

In addition, this reference teaches that by using acid and base catalysts, the 
deuteration efficiency is improved and that such catalysts moved the deuteration 
distribution toward higher deuteration levels by pushing the reaction towards more 
complete deuteration (see page 673, left coin., third para. - right coin, second para.). The 
reference further discloses that metal catalysts generally have poor deuteration 
efficiencies and thus discourages of use the metal catalysts in general (see page 674, left 
coin, first para. - right coin., line 2). The reference discloses that the Pt catalyst and Pd 
catalyst work better but does not disclose particular data when the Pt catalyst was used. 
The reference merely states that better reaction efficiencies were obtained by a method 
using the Pt catalysts and that tetradeuterated 2-methylnaphthalene was the main product 
and that heptadeuterated compound was the highest deuteration (see id.). Further, the 
reference discloses that the deuteration using the Pd shows excellent results (see id. and 
Fig. 4 on page 674). The reference, however, does not suggest mixing the Pd and Pt 
catalysts to improve the deuteration results. Thus, the deuteration results obtained by a 
method using a mixed catalyst of the Pd and Pt catalysts as claim 1 recites would not be 
expected (see, for example, table 1 on page 54 of the specification). 

Further, the mixed catalysts disclosed by the reference such as KOH+NH3, 
NaOH+DMSO, and Na2COa and NaOH are those including a basic catalyst, which would 
influence the deuteration reaction by removing a leaving hydrogen before D + arrives (see 
page 673, left coin, last line - right coin, line 3), and these basic mixed catalysts work in 
a completely different way from that of the metal catalysts such as Pt and Pd. Thus, the 
combinations of the reference do not suggest or teach a mixed catalyst of the metal 
catalysts. 

Accordingly, claim 1 and claims 2-8, 10 and 13, which depend from claim 1, are 
distinguished from Kalpala, and this rejection should be withdrawn. 
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Claims 1-10 and 12 have been rejected under 35 U.S.C. 103(a) as being 
unpatentable over Sajiki et al. (Synlett 2002, 7, 1 149-1 151) in view of Kozo et a). (Bull. 
Chem. Soc. Japan 1962, 2, 228-232). Applicants respectfully traverse this rejection. 

Sajiki discloses a deuteration method at a benzylic position of aromatic 
compounds in which a Pd carbon catalyst was used (see page 1 149, left coin, second 
para, and table 1 in right coin.), and the reference fails to disclose the other metal 
catalysts listed in claim 1 or a mixture of the catalysts thereof as claim 1 recites. 

Kozo discloses that hydrogen atoms both in a benzene ring of />-xylene and a 
methyl group of the compound are deuterated by a method using a Ni-Al 2 0 3 catalyst, a Pt 
black catalyst, or a Pd black catalyst (see tables II and IV-B on page 23 1 ). The reference 
further discloses that the deuterium contents in the benzene ring by a method using the 
Ni-Al 2 0 3 (1:1) catalyst at 100 °C, the Pt black catalyst at 80 °C, or the Pd black catalyst 
at 100 °C are 13 %, 15 %, and 9 %, respectively (see table I on page 230 and table IV-B 
on page 23 1 ). Those deuteration ratios of a methyl group of the reference obtained by the 
same methods as those as discussed above are 25 %, 23 %, and 30 %, respectively (see 
id). To obtain the deuteration ratios of a benzene ring and a methyl group of Kozo, a 
high temperature such as 80 °C or 100 °C is required (see table I on page 230). In 
addition, the deuteration ratios of Kozo are much lower than those at a benzyl position 
obtained by Sajiki at room temperature, in which the deuterium contents are between 61 
% and 98 % depending on substrate compounds, and 8 examples out of 1 0 show at least 
90 % of the deuterium content (see table 2 on page 1 1 50 of Sajiki). Because the purpose 
of Sajiki is to develop a deuteration method that achieves a high degree of deuteration 
without requiring high temperature and other severe conditions (see page 1 149, left coin., 
first para.), there is no reasonable basis to combine Sajiki, which achieves high 
deuteration ratio such as 90 % or higher at a benzylic position at room temperature (see 
table 2 on page 1 1 50 of Sajiki) with Kozo, which needs high temperature such as 80 °C 
and 1 00 "C and can provide low deuteration ratios such as 9-15 % at a benzene group and 
23-30 % at a methyl group (see table I on page 230 and table IV-B on page 23 1). 

Accordingly, claim 1 and claims 1-10 and 12, which ultimately depend from 
claim 1, are distinguished from Sajiki in view of Kozo. 
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Claims 1-12 have been provisionally rejected on the ground of nonstatutory 
obviousness-type double patenting as being unpatentable over claims 1-4 and 7-10 of 
copending Application No. 10/521531. 

Claim 1, from which claims 2-4 and 7-1 1 of the 10/521531 application ultimately 
depend, has been amended to limit a number of the activated catalyst selected from the 
group consisting of a platinum catalyst, a rhodium catalyst, a ruthenium catalyst, a nickel 
catalyst, and a cobalt catalyst to one. A courtesy copy of the Supplemental Amendment 
of the 10/521531 application is attached hereto. In contrast, claims 1-12 of the present 
application require at least two catalysts selected from the group consisting of a 
palladium catalyst, a platinum catalyst, a rhodium catalyst, an iridium catalyst, a 
ruthenium catalyst, a nickel catalyst, and a cobalt catalyst. Accordingly, this rejection is 
moot and should be withdrawn. Applicants do not concede the correctness of the 
rejection. 

Claims 1-12 have been provisionally rejected on the ground of nonstatutory 
obviousness-type double patenting as being unpatentable over claims 1-3 and 5-1 0 of 
copending Application No. 10/539188. 

Claim 1, from which claims 2-3 and 7-10 of the 10/539188 application ultimately 
depend, has been amended to limit a number of the activated catalyst selected from the 
group consisting of a palladium catalyst, a platinum catalyst, a rhodium catalyst, a 
ruthenium catalyst, a nickel catalyst, and a cobalt catalyst to one. A courtesy copy of the 
Supplemental Amendment of the 10/539188 application is attached hereto. In contrast, 
claims 1-12 of the present application require at least two catalysts selected from the 
group consisting of a palladium catalyst, a platinum catalyst, a rhodium catalyst, an 
iridium catalyst, a ruthenium catalyst, a nickel catalyst, and a cobalt catalyst. 
Accordingly, this rejection is moot and should be withdrawn. Applicants do not concede 
the correctness of the rejection. 
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In view of the above, Applicants request reconsideration of the application in the 
form of a Notice of Allowance. 
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Abstract: An effective and applicable deuteratkn method for 
alkyl- substituted aromatic compounds using a heterogeneous Pd/C . 
and Pt/C mixed catalyst in deuterium oxide in the presence of a 
small amount of hydrogen gas was developed. Mixing a heteroge- 
neous palladium and platinum catalyst provides an interesting syn- 
ergistic effect in the H-D exchange reaction and leads to full H-D 
exchange results even on sterically hindered sites, which indicated 
only low -deuterium efficiencies when either Pd/C or Pt/C were used 
independently as a catalyst We investigated the synergistic effect 
using a variety of substrates and proved the broad generality of the 
heterogeneous Pd-Pt-D 2 0-H 2 system in the H-D exchange reac- 
tion. Furthermore, this system could be applied to a multigram scale 
synthesis of useful deuterium-labeled compounds, such as deuteri- 
um-labeled bis-aniline derivatives as raw materials for polyhnides, 
aryl iodides as synthetic building blocks, and biologically active 
compounds. 

Key words: H-D exchange, heterogeneous catalysis, mixed catal- 
ysis, palladium, platinum 



Introduction 

Deuterium-labeled compounds have recently attracted a 
great deal of attention in a variety of scientific fields. For 
example, deuterium-labeled pharmaceuticals are recog- 
nized as valuable tools in metabolic studies with the de- 
velopment of quantitative analysis techniques using mass 
spectrometry and they are essential for the development of 
new pharmaceuticals. The uses of deuterium-labeled 
compounds have been expanded not only to analytical 
tools for life sciences 1,2 but also to new materials for elec- 
trical industries in optical communication systems. 3 With 
the increase in the importance of deuterium-labeled com- 
pounds, the post-synthetic incorporation of deuterium by 
the hydrogen isotope exchange reaction is an important 
technique. 4,5 Especially, H-D exchange reactions using 
deuterium oxide (D 2 0), which is the cheapest deuterium- 
labeled compound, as a deuterium source are a cost-wise 
attractive method A nurnber of H-D exchange proce- 
dures for aromatic compounds in D2O have been reported, 
for example, the H-D exchange reaction catalyzed by ac- 
ids, 6 bases, 7 or transition metals (Ir, 8 Ru, 9 Rh, 10 Pd, 11 and 
Pt 12 ) and supercritical 13 or rnicrowave-ermanceo^ 12 * 14 
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exchange reactions. However, many of these methods in- 
volve important problems such as low deuterium efficien- 
cy, severe conditions for functional group tolerance, the 
requirement of a large amount of catalyst, the use of spe- 
cial apparatus, etc. For these reasons, it is extremely diffi- 
cult to provide useful deuterium-labeled compounds on a 
multigram scale for practical purposes. Hence, practical, 
low-cost, and deuterium-efficient H-D exchange reac- 
tions have been strongly desired. 

We have recently reported a characteristic H-D exchange 
reaction catalyzed by Pd/C or Pt/C using D 2 0 in the pres- 
ence of a small amount of H 2 gas. 12 During our effort to 
achieve a quantitative deuterium efficiency, we found an 
interesting synergistic effect in the H-D exchange reac- 
tion using Pd/C and Pt/C mixed catalyst 16 Herein, we pro- 
vide the detailed results and syntheses of practical 
deuterium-labeled compounds as an application of the 
heterogeneous Pd-Pt-E^O-Hj system. 



Results and Discussion 

Typically, the reactions were carried out in a sealed tube, 
as illustrated in Figure 1. After two vacuurn/H 2 cycles to 
replace air with H 2 gas in the sealed tube, a mixture of a 
substrate (500 mg), heterogeneous Pd/C and Pt/C (1 wt% 
of the substrate as Pd and Pt metal respectively) in Dfi 
(17 mL) was stirred at 1 80 °C [ca. 4.56 bar (4.5 atm) of in- 
ner gas pressure measured by a pressure gauge by the bulk 
expansion of the filled H 2 gas and increased vapor pres- 
sure of D 2 0 by means of heating] for 24 hours. The deu- 
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rma at 180 *C tor 24 h 
Figure 1 Typical reaction procedure in a sealed tube. 
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terated position and deuterium efficiency of the obtained soluble substrates were also dcuterated effectively, mean- 
products were determined by L H NMR using an appropri- ing that the hydrophilicity of the substrate does not affect 
ate internal standard and confirmed by *H and l3 C NMR the H-D exchange reaction, 
and mass spectroscopy. It is noteworthy that even D 2 0 in- 
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Table 1 Comparison of Deuterium Efficiency of 2-Propylphenol Using Various Heterogeneous Catalysts* 

f^Y^^^ catalyst, H 2 

L u ' 

C 2 ^^C* PA 180-C, 24 h 



Entry 


Catalyst (wt%) 


Additive (wt%) 


Deuierium content 1 ' (%) 
CI C2 C3 


C4 


C5 


C6 


C7 


Yield* (%) 


t 


10%Ptf/C(10%) 


none 


99 


98 


99 


48 


98 


97 


97 


84 


2 


10%Pu7C(20%) 


none 


97 


98 


97 


54 


97 


98 


97 


80 


3 


10% Pd/C (10%) 


activated carbon (10'%) 


99 


99 


99 


46 


99 


99 


98 


89 


4 


5% Pd/C (20%) 


none 


98 


98 


98 


17 


97 


98 


97 


79 


5 


5% PoVC (20%) 


activated carbon (10%) 


99 


99 


99 


15 


98 


98 


97 


86 


6 


5%Pt/C(20%) 




98 


98 


98 


38 


72 


42 


28 


62 


7 


3% Pt/C (20%) 


activated carbon (10%) 


99 


99 


98 


73 


96 


67 


44 


61 


8 


5%Rh/C(20%) 


none 


33 


22 


62 


6 


35 


16 


9 


89 


9 


5%Ru*C(20%) 


none 


63 


10 


82 


6 


9 


5 


5 


84 


10 


10% Pd/C (10%) + 
5% Pt/C (20%) 


none 


97 


97 


97 


87 


97 


97 


97 


55 


It 


10% Pd/C (10%) + 
5% Pt/C (20%) 


activated carbon (10%) 


98 


98 


98 


98 


99 


98 


98 


77 


12 


5% Pd/C (20%) + 
5% Pt/C (20%) 


none 


99 


99 


98 


97 


98 


98 


98 


84 


13 


10% Pd/C (10%) + 
5%Rh/C<20ft) 


nono 


98 


98 


98 


' 36 


98 


98 


97 


96 


14 


10% Pd/C (10%) + 
5%RuTC<20%) 


none 


98 


98 


98 


26 


97 


98 


97 


81 


15 


5% Pt/C (20%) + 
5%RWC(20%) 


none 


98 


98 


98 


87 


98 


85 


65 


83 


16 


5% Pt/C (20%) + 
5%Ru/C<20%) 


none 


98 


98 


98 


92 


97 


82 


55 


83 


17 


none 


activated carbon (10%) 


16 


0 


9 


0 


0 


0 


0 


96 



"Substrate (500 mg„ 3.67 mmol) was used, and reactions were carried out under ordinary Hj pressure using the catalyst in D 2 0 (17 tnL) in a 
sealed tube. 

b Deuterium content was determined by ! H NMR. 
* Isolated yield. 



The deuteration results of 2-propylphenol using several 
combinations of heterogeneous catalysts are summarized 
in Table 1. Although an acidic proton such as the OH in 
phenol also underwent H-D exchange, the incorporated 
deuterium was depleted by hydrogen during the aqueous 
workup. 2-Propylphenol and 10% Pd/C (10 wt%) in D 2 0 
at 180 °C under a small amount of H 2 gas in a sealed tube 
for 24 hours leads to high deuterium efficiency on the ar- 
omatic ring and the alkyl chain, except for the C4 position, 
which was adjacent to the alkyl side chain of the aromatic 
ring (entry 1). Increasing the amount of 10% Pd/C (from 
10 to 20 wt% of the substrate) did not improve the deute- 




'3 



rium efficiency at the C4 position (entry 2). On the other 
hand, the use of 5% Pt/C (20 wt%) as a catalyst showed 
high deuterium efficiency on the aromatic ring, except for 
the C4 position similarly (entry 6). An electron-rich sub- 
strate such as 2-propylphenol shows relatively high H-D 
exchange activity on the aromatic ring, even using either 
Pd/C or Pt/C as a catalyst However, low deuterium re- 
sults were observed at the C4 position, which is the ortho 
position of the propyl group. This is probably caused by a 
steric hindrance effect, which was also reported by 
Bergman 4 * and Matsubara. 128 Meanwhile, when we tried 
to examine the reaction using 10% PoVC (10 wt%) and 5% 
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Pt/C (20 wt%) in the same sealed tube, remarkable en- 
hancement of the H-D exchange activity was observed in 
87% deuterium efficiency even at the sterically hindered 
C4 position (entry 10). When 5% PriYC (20 wt%) and 5% 
Pt/C (20 wt%) were used as a catalyst, fully deuterated 2- 
propylphenoW„ was obtained in 84% isolated yield (en- 
try 12). Interestingly, the addition of activated carbon (10 
wt% of the substrate) to the reaction mixture of entry 10 
showed enhancement of the deuterium efficiency at the 
C4 position (98%) similar to the result of entry 12 (entry 
11). Incidentally, the activated carbon indicated very poor 
deuteration activity (entry 17). These results indicated that 
a more dispersed catalyst shows high activity in the H-D 
exchange reaction. It is noteworthy that the addition of ac- 
tivated carbon was effective in the case of the use of Pt/C 
as a catalyst (entries 6 vs 7), although a significant effect 
was not observed in the case of Pd/C as a catalyst (entries 
1 vs 3 and 5); On the other hand, other heterogeneous cat- 
alysts such as 5% Rh/C or 5% Ru/C showed lower H-D 
exchange activity toward either the aromatic ring or the 
alkyl chain (entries 8 and 9). Similarly, mixed catalysts of 
Pd/C or Pt/C with Rh/C or Ru/C did not presented a sig- 
nificant synergistic effect in the H-D exchange reaction 
(entries 13-16). 

Next, we investigated the deuteration efficiency of vari- 
ous aromatic compounds using the Pd/C-Pt/C-DjO-Ha 
system (Table 2). When electron-rich substrates were 
subjected to the deuteration condition using 10% Pd/C or 
5% Pt/C as a catalyst independently, the deuterium effi- 
ciency at the ortho positions of alkyl substituents was rel- 
atively low similar to the previous results as shown in 
Table 1 . Especially, even stepwise deuteration of 5-phe- 
nylpentanoic acid with 5% Pt/C and subsequently with 
10% Pd/C -catalyzed deuteration could not produce a high 
deuterium efficiency at the C3 position (Table 2, entry 3). 
As expected, mixing 10% Pd/C and 5% Pt/C led to effi- 
cient deuterium incorporation at the ortho positions of 
alkyl substituents and highly deuterated compounds such 
as 5-phenylpentanoic acicW, 3 , ^propylphenoMn^pro- 
pylaniline-^ u , and l t 2,4^tetmmethylben2ene-£f 14 were 
obtained (entries 4, 7, 15, and 18). In the case of the use of 
2-propy ianiline as the substrate, the synergistic effect was 
observed by rnixing 10% Pd/C (10 wt%) with 5% Pt/C (20 
wt%), but the deuterium efficiency of the C4 position 
(59%) was not satisfactory (entry 10). The addition of ac- 
tivated carbon (10 wt% or 20 wt%) enhanced the deuteri- 
um efficiency at the C4 position (83% and 97%, 
respectively; see also Table 1) (entries 1 1 and 12). 

Use of electron-deficient aromatic compounds was less 
straightforward in achieving high deuterium efficiency. 15 ' 
4-Propy Ibenzoic acid and nicotinic acid were investigated 
(Table 2, entries 19-33). Deuterium incorporation into the 
aromatic ring catalyzed by 10% Pd/C was scarcely ob- 
served (entry 19). Even the use of 5% Pt/C possessing 
strong aromatic ring affinity showed low deuterium effi- 
ciency, especially at the C2 position (entry 20). On the 
other hand, when 10% Pd/C and 5% Pt/C were used as a 



mixed catalyst, a moderate result was obtained (entry 2 1 ). 
Consequently, using a more dispersed catalyst, such as 
5% Pd/C and 5% Pt/C (using 20 wt% of the substrate, re- 
spectively) as a mixed catalyst resulted in higher deuteri- 
um efficiency (entry 22). Furthermore, the use of 1% Pd/ 
C and 1% Pt/C (using 100 wt% of the substrate, respec- 
tively) gave excellent deuterium efficiency, and fully deu- 
terated 4-propy Ibenzoic acid-^ n was obtained (entry 23), 
although the redaction of the catalyst amount to 10 and 1 
wt% from 100 wt% gave disappointing results (entries 24 
and 25). Other mixed catalyst systems, such as Pd/ 
alumina and Pt/alumina, gave lower deuterium efficiency 
compared to that of Pd/C and Pt/C (entry 26). Interesting- 
ly, the addition of silica gel (10 wt% of the substrate) to 
the reaction mixture of entry 26 led to an enhancement of 
the deuterium efficiency similar to the result of the addi- 
tion of activated carbon (entry 27). 

We have recently reported that the Pd/C -catalyzed H-D 
exchange reaction of heterocyclic compounds including 
the deuteration of the C3 position of nicotinic acid is ex- 
tremely difficult. 17 Therefore, we examined the mixed 
catalyst system for the deuteration of nicotinic acid. Nic- 
otinic acid subjected to the deuteration condition (180 °C) 
using 10% Pd/C (10 wt%) or 5% Pt/C (20 wt%) as a cata- 
lyst showed low deuterium efficiency at the C3 position 
(entries 28 and 29). However, the use of the mixed cata- 
lyst, 10% Pd/C and 5% Pt/C or 1% Pd/C and 1% Pt/C 
caused a slight enhancement of the deuterium efficiency 
at the C3 position (entries 30 and 31). On the other hand, 
the use of 5% PuValumina and 5% Pt/alumina produced a 
higher result (43%, entry 32) which was dramatically en- 
hanced to 92% deuterium content based on an average of 
the whole nicotinic acid by the addition of silica gel (10 
wt% of the substrate) (entry 33). 

When ethyl phenyl acetate was used as a substrate, using a 
mixture of 5% Pd/C and 5% Pt/C showed low deuterium 
efficiency at the aromatic ring and no deuterium incorpo- 
ration into the ester moiety with a low isolated yield (entry 
34). However, the use of 5% Pd/alurnina and 5% Pt/ 
alumina as a mixed catalyst and the use of silica gel (10 
wt%) as an additive gave deuterated ethyl phenylacetate- 
d 7 in an excellent isolated yield (entry 35). These results 
suggest that the heterogeneous Pd-Pt-D 2 0-H2 system en- 
ables the establishment of a generally available deutera- 
tion method, and it is powerful enough to apply to the 
synthesis of various deuterium-labeled compounds. 

We have reported the plausible reaction mechanism of the 
H-D exchange based upon the oxidative addition of Pd or 
Pt to the carbon-hydrogen bond of the substrato. 15 *-* Al- 
though it is not exactly clear why the synergistic effect 
arises with the mixed heterogeneous Pd and Pt system, 
some kind of interaction between each metal should oc- 
cur. Because the EDS analysis of the recovered mixture of 
catalysts demonstrated a different dispersion of each met- 
al, an alloy of palladium and platinum may not be formed. 
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Table 2 Dcuicration of Various Aromatic Compounds* 
catalyst. 



DaO. 180-C,24h 



sutet ret©- a" 



Entry Substrate 



Catalyst (wt%) 



Deuterium content 15 (%) 



Yield* (%) 





CI 


C2 


C3 


C4 


C5 


C6 


C7 




10% Pd/C (10%) 


96 


96 


14 


98 


96 d 


96* 


96 


88 


5% Pt/C (20%) 


97 


97 


19 


28 




8 d 


10 


92 


10% Pd/C (10%) 


97 


97 


30 


97 


91* 


97* 


97 


84 


10% Pd/C (10%) •► 5% Pt/C (20%) 


97 


97 


97 


97 


97- 


97 s 


94 


84 


i not 1X4/1"* /t rwect 


97 


46 


98 


98 


98 






86 


col o» tr> /onaL\ 
ym rue (ZUro) 


97 


19 


27 


19 


14 






70 




97 


93 


98 


98 


97 






89 


10%Fd/C(10%) 


97 


96 


96 


12 


97 


97 


97 


58 


5% Pt/C (20%) 


98 


97 


97 


14 


49 


32 


20 


72 


10% Pd/C ( 10%) + 5% Pt/C (20%) 


99 


97 


99 


59 


97 


97 


94 


60 


10% Pd/C (10%) + 5% Pt/C (20%) 


97 


97 


97 


83 


97 


96 


97 


78 


10% Pd/C (10%) + 5% Pt/C (20%) 


98 


97 


98 


97 


98 


97 


97 


59 


ISJ70 ra/L \l\JJV) 


AO 


16 


Aft 

99 


99 


98 






79 


5% Pt/C (20%) 


97 


87 


97 


73 


34 






69 


IO%Fd/C(10%) + 5%Pt/C(20%) 


97 


97 


97 


97 


97 






75 


10%Pd/Cflfl%1 


11 
j j 


07 














5% Pt/p rjfWM 

J7D rus-, \MJTDJ 


fj 














09 


lino ^ j \j/tsj ▼ j ri/L ^ximj 




07 












07 


10%PaVC(10%) 


3 


4 


96 


93 


92 






64 


5% Pt/C (20%) 


62 


17 


IS 


12 


11 






84 




/o 


JO 


on 




77 






88 


5% Pd/C (20%) + 5% Pt/C (20%) 


94 


92 


96 


96 


95 






92 


1% Pd/C (100%) + 1% Pl/C (100%) 


97 


97 


98 


94 


95 






72 


1% PdVC (10%) + 1% Pt/C (10%) 


16 


4 


57 


33 


23 






87 


1% Pd/C (1%) + 1% Pt/C (1%) 


0 


0 


0 


0 


0 






94 


5% Pd/alumina (20%) + 


81 


73 


96 


92 


90 








3% Pi/alumina (20%) 
















39 


5% Pd/alumina (20%) f 


91 


96 


98 


98 


97 






49 


5% PC/alumina (20%) 


















10% PdVC (10%) 


98 


98 


10 


98 








96 


5% Pt/C (20%) 


99 


65 


11 


54 








94 


10% Pd/C (10%) + 5% Pt/C (20%) 


99 


98 


29 


99 








92 


1% Pd/C (100%) 4- 1% Pt/C (100%) 


100 


29 


3 


68 








76 


5% Pd/alumina (20%) + 


99 


98 


43 


99 








95 


5% Pi/alumina (20%) 


















5% Pd/alumina (20%) + 


99 


99 


72 


99 








91 


5% Pt/alumina (20%) 


















5% PdVC (20%) + 5% Put: (20%) 


15" 


13* 


13- 


98 


0 


0 




34 


S% Pd/alumina (20%) + 


98* 


98 d 


98" 


98 


0 


0 




95 



i 

2 
3« 
4 

5 
6 
7 



10 
11' 
12* 

13 
14 
15 

16 
17 
18 

19 
20 
21 
22 
23 
24 
25 
26 

27 h 



28 
29 
30 
31 
32 

33 h 



34 
35* 



C3 C« Cb 



fc C 



<h Cs Qs 



•2 ^1 



<h Cs 



C1 



onr 



C 5 



5% Pt/alumina (20%) 



■ Substrate (500 trig, 2.81-4.06 nunol) was used and reactions were carried out under ordinary H 2 prmsnre using the catalyst in DjO (17 mL) in 
a sealed tube. 

b Deuterium contort was determined by : H NMR. 
c Isolated yield. 

6 Trntirawvl as the average deuterium content. 

•The product of entry 2 was used as a starting material. 

' Activated carbon (10 wt% of the substrate) was added. 

' Activated carbon (20 wc% of me substrate) was added. 

* Silica gel (Wakogel C-200, 10 wt% of the substrate) was added. 
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Application to the Synthesis of Deuterium-Labeled 
Compounds 

Recently, deuterium-labeled polymers were recognized as 
functional materials for wave guides in optical communi- 
cation systems, because the replacement of hydrogen in 
the polymers with deuterium causes an enhancement of 
the transparency by reduction of the C-H vibrational ab- 
sorption in the infrared (IR) wavelength region and its 
overtones in the near IR to visible region. 3 Polyimides are 
important materials in the electronics industry due to their 
superior thermostability and workability, and deuterium- 
labeled polyimides are being recognized as new function- 
al materials. ts So we focused attention on the develop- 
ment of a practical scale synthesis of deuterium-labeled 
bis-aniline derivatives as raw materials for polyimides. 
Reactions were performed in an autoclave using a mixture 
of 10% PoVC (10 wt%) and5% Pt/C (20 wt%) as a catalyst 
(Figure 2). As expected, bis(4-aminopheny1)metbane (1), 
l,2-Ms(4~aminophenyl)etbane (2), 3^5,5'-tetraraethyl- 
benzidine (3) and 3,3 '-dimethyl benzidine (4) achieved ex- 
cellent deuterium efficiency on a multigram scale even at 
stoically hindered positions (2, 2', 6, and 6' positions of 3 
and 2 and ¥ positions of 4). In particular, 137 g of bis(4- 
aminophenyl) ether-rf s (5) was obtained with nearly quan- 
titative deuterium efficiency (98% D content). Moderate 
to good isolated yields of products 1-5 (43-79%) were at- 
tributed to the coincident reduction of benzene rings and 
the toss in the recrystallization process. 




2 (4.6 Q, 43% yield) 



\ 98 88 / 



/ 98 88 \ 
BB 98 
3{5.4fl. 51%yMd) 




97 97 97 97 
4 (123 9.73% yield) 



98 



98 



98 



NH 2 



Figure 2 Multigram deuteration of bis-aniline derivatives using the 
10% Fd/C-5% Pl/C-DjO-Hi system (180 °C, 24 b). 



Aryl halides are an important class of compounds fre- 
quently used as coupling synthons, hence, deuterium- 
labeled aryl halides should be useful building blocks. 
However, attempted direct deuteration of aryl halides us- 
ing the 5% Pt/C-DjO-Hz system gave poor results due to 
concurrent dehalogenation. 151 The corresponding deuteri- 



um-labeled aryl halides were derived from easily demer- 
ged toluidine derivatives 6-8 by our deuteration system 
on a practical scale. As depicted in Scheme 1, deuteration 
of o-toluidine (6, 20 g) using a mixture of 5% Pd/C and 
5% Pt/C and m- (7, 20 g) and p-totuidine (8, 20 g) using a 
mixture of 10% Pd/C and 5% Pt/C in a 1-L autoclave gave 
deuterium-labeled toluidine derivatives with excellent 
deuterium efficiencies (9: 98% D, 13 g, 10: 98% D, 15 g, 
11: 97% D, 12 g). Subsequently, the dcuterated toluidines 
were subjected to iodination by diazotization and easily 
gave the corresponding iodotoluene-dT derivatives (12: 19 
g, 13: 12 g, 14: 18 g) without loss of deuterium efficiency. 



NH a a orb 





fcoNHj 9: oNH 2 , 62% yWd, 98% D 12: oA, 80% yfokJ, 98% D 

T.m-UHi 1o:ff>NH3,71%yiaU.83%D 1* ml, 77% yield. 96% 0 

ftpNHa 11:p-NHa f 5a%yWd,97%D 14; p4, 77% yield, 97% D 

Scheme 1 Syntheses of iodo toluenes-^. Reagents and conditions'. 
(a) (6 -> 9)5% PttTC (20 wt%), 3% Pt/C (20 wttf>X H> DjO. 180 *C» 
24 h; (b) (7 -» 10 end 8 11) 10ft Pd/C (10 weft), 3% Pt/C (20 
wtft). DjO. 180 °C, 24 h; (c) NaNO* coned HO. 3 °Q 43 mm; 
(d) Nal, H 2 O t -20 to 0 X, 30 min. 

The application of deuterium-labeled compounds for drug 
metabolism studies as surrogate internal standards has 
rapidly developed. Because the chemical properties 
of surrogate compounds are quite similar to those of the 
mother non-deuterated samples, surrogate compounds are 
the most valuable tracers for metabolic studies using GC- 
MS or LC-MS. Hence, we applied the present system to 
the syntheses of deuterium-labeled surrogate compounds 
(Scheme 2). Mephentermine (iV,2-dim ethyl -l-phcnylpn> 
pan-2-amine) (18, an antihypertensive agent) and ox- 
etbazaine {2^'-[(2-hydroxye%t)imino]bis[rV-( 1 , 1- 
dimethylphenethylHv'-methylacetamide]} (20, a local an- 
esthetic) are well-known drugs, 19 and their deuterides are 
useful as research tools for metabolic studies. First, the di- 
rect H-D exchange reactions of 18 and 20 were examined; 
however, unsatisfactory results were obtained. So conse- 
quently, commercially available pbentermine (15, 20 g), 
the precursor of 18 and 20, was subjected to deuteration 
conditions using a mixture of 5% Pd/C (20 wt%) and 5% 
Pt/C (20 wt%) as a catalyst to give highly deuterated 
phentermine (1W, 12.3 g, average 87% D content). After 
ferf-butoxycarbonyl (Boc) protection of 15-rf, the result- 
ing 16 was methylated, and subsequent removal of the 
Boc group of 17 and treatment with sulfuric acid afforded 
deuterium-labeled mephentermine as its he mi sulfate (18- 
<f, 1.2 g) in 39% (4 steps) total yield from 15. Further 
transformation to chloroacetamide derivative 19, after re- 
moval of the Boc group of 17 and subsequent treatment of 
ethanolamine, gave deuterium-labeled oxethazaine (20-d\ 
6.6 g) in 67% (5 steps) total yield from 15 on a practical 
scale without loss of deuterium efficiency. These deuteri- 
um-labeled compounds are considered as useful tools for 
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15 




NBtt 



86% „ 



85% | 



20-rf OH 




NH IfcHjSO, 



Scheme 2 Syntheses of mephmtermine-d and oxethazaine-<£ Reagents and conditions, (a) 5% Pd/C (20 wt^fc), 5% Pi/C (20 wt%), H 2 , D^O, 
180 *C. 24 h: (b) Boc 2 0. THF. 3 M NaOa r.t.. 30 min; (c) NaH, DMF, r.t. then Mel, r.t, 3 h; (d) 1. coned HC1, Etp, r.L, 3 b, 2. NaOH, r.L, 
3. coned HUSO,, f.L, 39% {4 steps from 15); (e) 1 . coned HQ, EtA r.t H 3 h, 2. Et 2 0, 2 M NaOH, chloroaccty! chloride, r.L, 2 h, 69% (4 steps 
from IS); (f) ethanolamice, K3, THF, 3 M NaOH, reflux, 6 h, 97%. 



metabolic studies. In addition, deuteraied drags often 
have different actions from the protonated forms in 
vivo 20 - 20 and have resistance to metabolic inactivation by 
an isotope effect. Thus the possibility of the development 
of new functional drugs that have a new action mecha- 
nism is also expected. 



Conclusion 

We have found a synergistic effect in the H-D exchange 
reaction using the heterogeneous Pd/C-Pt/C-D 2 0-H 2 
system, which efficiently incorporates deuterium into a 
variety of alkyl-substi rated compounds even at sterically 
hindered sites. Moreover, a practical multigram scale deu- 
teration method based on the present system of valuable 
compounds such as optical materials, building blocks, 
surrogate compounds, was established. 



All the substances examined in this study were obtained commer- 
cially and were used without farther purification. 10% PoVC, 5% Pd/ 
C, 5% Pd/aluraina, 5% Pt/alumma, 5% Rh/C, and 5% Ru/C were 
purchased from Wako Pure Chemical Industries, Ltd. 5% Pt/C was 
purchased from Wako Pure Chemical Industries, Ltd. or Aldrich 
Chemical Co. 1% PdVC and 1% Pt/C were purc ha sed from Aldrich 
Chemical Co. D z O (99.9% isotopic purity) was purchased from 
Cambridge Isotope Laboratories. , H, *H, and ,3 C NMR spectra wen; 
recorded on a JEOL ANM-AL400 spectrometer ("H NMR, 400 
MHz; *H NMR, 61 MHz; "C NMR, 100 MHz); residual solvent or 
TM5 was used as an internal standard. Starred (*) values in the ,3 C 
NMR are for small peaks. The deuterium content (%) of the sub- 
strates was estimated on the basis of integration of die appropriate 
internal standards. Because the relative signal intensity was found 
to depend on the pulse delay, the pulse delay was set to 120 s tor 
complete relaxation. EI -MS were recorded on a JEOL JMS- 
SX102A spectrometer. A PCI mass spectra were recorded on an Ag- 
ilent LC/MSD TOF spectrometer. Silica gel column chromatogra- 
phy was per for med using Wakogel C-200 (Wako Pure Chemical 
Industries, Ltd.). Preparative TLC was performed using Merck PLC 
plates (silica gel 60 F254). 



H— D Exchange Reaction of the Heterogeneous Pd/C— Pt/ 
C-DjO-Hj System; General Procedure 

A substrate (500 mg. 2.81-4.06 mmol), Pd/C or PaValumina (1 wt% 
as Pd metal) and Pt/C or PiMamina(l wr% as Pt metal), and, if nec- 
essary, activated carbon ( 1 0 or 20 wt%) or silica gel (10 wt%) as an 
addhive in D 2 0 (17 mL) was stirred at 180 *C in a sealed tube under 
a H 2 atmosphere for 24 h. After cooling, the mixture was diluted 
with Et^ (20 mL), and the rmxtnre was filtered to remove the het- 
erogeneous catalyst. The filtered catalyst was washed with Et 2 0 (2 
x 5 mL). The combined ethereal layers were washed with HjO (20 
mL), dried (MgSO^ and concentrated in vacuo. The obtained resi- 
due was purified by column chromatography (silica gel), by prepar- 
ative TLC, or re crystallization. The deuterium content (%) was 
determined by ! H NMR using dioxane, p» anisic acid, benzene, orp- 
methoxyphenol as an internal standard (as indicated) and were con- 
firmed by *H NMR, 13 C NMR, and MS 

[DJ-2-Propylp!iencl (Table 1, Entry 12) 

The H-D exchange reaction was carried out using 5% Pd/C (100 
mg, 20 wt% of the substrate) and 5% Pt/C (100 mg, 20 wt% of the 
substrate) as the catalyst. The crude product was purified by prepar- 
ative TLC (EtOAc-hexane, 1:10) to give 2-prop>lpheool-< as a 
colorless oil (84%). 

Isotope distribution (El-MS): 5% d,, 24% d i0> 71% d n . 

l H NMR (acetone-^*, dioxane): 5 = 8.03 (s, 1 H), 7.07 (s, 0.03 H). 
6.99 (s, 0m H), 6.8 1 (s, 0.02 H), 6774 (s, 0.02 H), 2.54 (s, 0.04 H), 
1J6 (s. 0.04 H), 0.87 (s, 0.08 H). 

2 H NMR (acetone); 5 - 7.08-7.01 (br m), 6.83-6,76 (brm). 2^3 (br 
aX 1.54 (brsX 0.86 (brs). 

»C NMR (CDCL,): 8=153.4, 129.6*. 1283, 126.3*, 120.0*, 
114.7*. 31.1* 2L9*. 13,1*. 

IDl-S-Ptienyrpentaooic Add (Table 2, Entry 4) 
The H-D exchange reaction was carried out using 10% Pd/C (50 
mg, 10 wt% of the substrate) and 5% Pt/C (100 mg, 20 wr% of the 
substrate) as the catalyst The deuterium content (%) was deter- 
mined by ! H NMR after conversion of the carboxylic acid into the 
methyl ester on the basis of integration of the methyl protons and 
was confirmed by *H and "C NMR and MS. The procedure of cs- 
teriflcarion is as follows: To the stirred crude product (100 mg) in 
berrzene-MeOH (4: 1, 4 mL) was added 10% TMSCHN, in hexane 
(1.0 mL) at r.t, the mixture was stirred for 30 min and concentrated 
in vacuo. The residue was subjected to preparative TLC (EtOAc- 
hexane, 1: 10) to obtain methyl 5-phenylpentanoate-<4 as a colorless 
oil (84% in 2 steps). 
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Isotope cUstribution (EI-MS): 6% d lh 27% d l2 , 67% rf u . 

l H NMR (CD 2 Cy : 5 = 7.20 (s, 0.05 H), 7.10 (s, 0.08 H). 3.56 (s, 3 
H), 2 52 <s, 0.05 H), 2.22 (s, 0. 12 H), 1 .52 (s, 0.12 H). 

2 H NMR (O^Cy: 6 = 7.26-7.17 (br m), 2.53 (br s), 2,22 (br s). 
1.53 (Iff s). 

,3 C NMR (CD 2 Cla): 8 = 173.9. 142.3, 128.0*. 125.4* 5L6. 35.1*. 
33.6*, 30.2*. 24.2*. 

1D]-W*ropyipbenol (Tabic 2, Entry 7) 

The H-D exchange reaction was carried out using 10% Pd/C (50 
mg, 10 wr% of the substrate) and 596 Pl/C (100 mg, 20 wt% of the 
substrate) as the catalyst The crude product was purified by prepar- 
ative TLC (EtOAc-hexane, 1:10) to give 4-propylphenol-4 l as a 
colorless oil (89%). 

Isotope distribution (EI-MS): 8% d* 28% d l0t 64% d u . 

: H NMR (CDCl 3 ,/>-anisic acid): 6 - 7.03 (a, 0.13 H), 6.75 (s, 0.06 
H), 2.48 (s, 0.05 H), 1 M (s, 0.05 H), 0.86 (s. 0.08 H). 

*H NMR (CHQ 3 ): 5 = 7.26-7. 17 (mX 2.53 (s), 2.22 (s), 1 J3 (s). 

,3 C NMR (CDCy: 5 - 152.9, 134.4. 128.7*. 1 14.4*. 36.0* 233*. 
12.8*. 

[D>2-Prop ylanillne (Table \ Entry 12) 

The H-D exchange reaction was carried out using 10% Pd/C (50 
mg, 10 wt% of the substrate) and 5% Pt/C(lO0 mg, 20 wt% of the 
substrate) as the catalyst and with activated carbon (100 mg. 20 wr% 
of the substrate) as the additive. The crude product was purified by 
column chromatography (silica gel, EtOAc-hexane, 1:10) to give 2- 
propylaniline-rf,, es a pale brown oil (59%). 

Isotope distribution (EI-MS): 1% d % , 5% d* 26% d x9 , 68% d n . 

'H NMR (CDd 3 , benzene): 8 - 7.03 (m, 0.06 H), 6.73 (s, 0.02 H\ 
6.67 (s, 0.02 H), 3.58 (br. 2 H), 2.43 (s, 0.04 H). 1.60 (s. 0.06 H). 
0.94 (s. 0.08 H). 

*H NMR (CHClj): S « 7.09 (br a). 6.79-6,72 (m), Z43 (s). 1.60 (s), 
0.95 (s). 

l3 C NMR (CDOj): 5=143.7, 127.7*. 126J, 125.9*, 117.9*. 
114.8*, 32.3*,20.6\ 13.0*. 

[D}4-Prop yianlllne (Table % Entry 15) 
The H-D exchange reaction was carried out using 10% Pd/C (50 
mg, 10 wt% of the substrate) and 5% Pl/C (100 mg, 20 wt% of the 
so bstrate) as the catalyst. The crude product was purified by prepar- 
ative TLC (EtOAc-hexane, 1:10) to give ^propylanilinc-^ aa a 
brown oil (75%). 

Isotope distribution (EI-MS): 5% 25% d l0% 70% d n . 

'H NMR (CDO,, p-amric acid): 5 * 6.95 (s, 0.06 H), 6.67 (s, 0.02 
H), 4*6 (br, 2 H), 2.44 (s, 0.06 H), 1.53 <s, 0.06 H). 0.86 (s. 0.1 OH). 

*H NMR (CHC1 3 ): 8 = 7.02 (sX 6.68 (s), 2.45 (s). 1.54 (s), 0.88 (s). 

,3 CNMR(CDCl3): 5= 143 S, 132.3. 128.5*. 114-5* 36.1*. 23.6* 
12.6*. 

rPl-l^^Tetnmetfaylbenzene (Table 2, Entry 18) 
The H-D exchange reaction was carried out using 10% Pd/C (50 
mg, 10 wt% of the substrate) and 5% Pt/C (100 mg, 20 wt% of the 
substrate) as the catalyst. The crude product was purified by prepar- 
ative TLC (EtOAc-bexane, 1:5) to give l^A5-tetrarnethylben- 
zene-4, as a white solid (92%). 

Isotope distribution (EI-MS): 1% <f l0 > 4% 4„, 13% d lJt 29% d }> 
53% 4*. 

'H NMR (CD0 3 . dioxane): 8 = 6.90 (s. 0.13 H). 2.16 (s, 0.37 H). 
*H NMR (CHCl,): 8-6.97 (s), 2.19 (s). 
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l3 CNMR (CDCh): 8= 133.1, 130.3*. 18.1*. 

[D].4-Propylberi»Ic Add (Table 2, Entry 23) 

The H-D exchange reaction was carried out using 1% Pd/C (500 

mg, 100 w\% of Lhe substrate) and 1% Pt/C (500 mg, 100 wt% of 

the substrate) as the catalyst After conversion into the methyl ester, 

the crude product was purified by preparative TLC (EtOAc-hexane, 

1 : 1 0) to give methyl 4-propyIbenzoate-</ 0 as a colorless oil (72% in 

2steps). 

Isotope distribution (EI-MS): 1% d 9 , 5% 4> 25% <*i 0 . 69% rf„. 

'H NMR (CDjCy: 8 = 7.93 (s, 0.06 H), 7.26 (a, 0.06 H). 3.87 (s, 3 

H). 2.65 (s, 0.05 H). 1.64 (s, 0.13 H), 0.94 (s. 0.14 H). 

J H NMR (CHjCl^ 8 - 7.97 (s). 7.31 (s), 2.61 (s), 1.60 (s), 0.90 (s). 

"C NMR (CDaCt): 8 » 167.0. 148.3, 129.2*. 128 3\ 127.9, 51.9. 
37.5* 23.6* t 13.1*. 

[D]-NIcotlnic Add (Table 2, Entry 33) 

The H-D exchange reaction was carried out using 5% Pd/alumina 
( 100 mg, 20 wt% of the substrate) and 5% Ft/alumina (100 mg, 20 
wt% of the substrate) as the catalyst and with silica gel (50 mg. 10 
wt% of the substrate) as the additive. After the reaction, the mixture 
was diluted with MeOH (100 rnL). end the mixture was filtered and 
washed with MeOH (2x10 mL). The filtrate was concentrated in 
vacua Nicotinic arid-4, was obtained as a pale brown powder 
(91%) without purification. 

Isotope distribution (EI-MS): 2% <f Jf 39% d^ 59% dj. 

•H NMR (DMSO-<k dioxane): 8 - 9.06 (s, 0D1 H), 8.77 (s, 0.01 
H), 8.25 (s, 0.28 H), 7.53 (s. 0.01 H). 

l H NMR (DMSO): 8 = 9. 10 (br s). 8.83 (br »X 8.29 (br s), 7.58 (br 
s). 

l3 C NMR (DMSCMs): 8= 166.0. 152 J*. 1495* 136.5. 126.3, 
123.1*. 

[D]-Ethyi Pneaylacetate (Table 2, Entry 35) 
The H-D exchange reaction was carried out using 5% Pd/alumina 
(100 mg, 20 wt% of the substrate) and 5% Pi/alumina (100 mg. 20 
wt% of the substrate) as the catalyst and with silica gel (50 mg, 10 
wt% of the substrate) as the additive. The crude product was puri- 
fied by preparative TLC (EtOAc-hexane, 1:2) to give ethyl phcnyl- 
acetate-4, as a colorless col (95%). 

Isotope distribution (EI-MS): 2% d& 15% 4, 83% d 7 . 

'H NMR (acetone-^, p-anisic arid): 8 = 730 (m, 0.11 H), 4.09 (q, 
J = 7. 1 Hz. 2 H). 3.60 (s. 0.03 H). 1.20 (t, /= 7.1 Hz. 3 H). 

NMR (acetone): 8 » 7.34-7.29 (m), 3 J9 (s). 

I3 C NMR (CDds); 6 = 171.3, 133.7. 128.4*. 127.9*. 126.4". 60.8. 
40.9*, 14.2. 

[DhBisX4-Anu2»opbeny])metrsuK a); Typical Procedure 

Bis(4-arrimophenyl)rnethane (10 g, 50.4 mmol), 10% Pd/C (1 g, 10 
wt% of the substrate), and 5% Pt/C (2 g, 20 wt% of the substrate) in 
D2O (340 mL) were stirred at 180 °C in a 500-mL autoclave under 
a Hi atmosphere for 24 h. After cooling, the mixture was diluted 
with ErOAc (400 mL), and the mixture was filtered and washed 
with EtOAc (2x20 mL). The combined organic layers were washed 
with H^O (200 rnL), dried (MgSOj, and concentrated in vacuo. The 
residue was subjected to column chromatography (silica gel, 
EtOAc-hexane, 1:2 to 1:1) to give bis(4-ammoc4kenyl)methane.d a 
(8.3 g, 79%) as a pale brown solid. 

Isotope distribution (EI-MS): 1% 1% oV 2% d& 6% 23% d p 
19%d^48%£fu> 

*H NMR (acetone-^ benzene): 8 = 6.87 (s, 0.12 H), 6.56 (s, 0.09 
H), 4.34 (br, 4 H), 3,62 (s. 0.04 H). 
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*H NMR (acetone): 5 = 6.89 (s), 6 38 (s), 3.60 (s). 

13 C NMR (acetone-^: 8= 146.6. 130.9, 1293*. 114.6*. 40.9*. 

fD]-l^-Bi^4-aminopheiiyf)ethane (2) 

12-Bis(4-aiTiiDophenyI)etbarie (10 g, 47.1 mmol), 10% Pd/C (I g, 
10 wi% of the substrate), and 5% Pt/C (2 g f 20 wt% of the substrate) 
in D 2 0 (340 mL) were stirred at 180 °C in a 500-mL autoclave un- 
der a H j atmosphere tor 24 b. The mixture was worked up according 
to the procedure for 1. The residue was recrystallized (EtOAc-hex- 
ane) to give 1 ^-rji^^aminophenyl^thane-rf,, (4.6 g, 43%) as a pale 
brown solid. 

Isotope distribution (EI-MS): 2% d& 2% d lt 1% d* 3% d» 4% d^ 
I9%d llt &%d n . 

'H NMR (DMSCX^. dioxane): 8 = 6.83 (s, 0.08 H). 6.46 (s, 0.08 
H). 4.76 (s. 4 H), 2.55 (s, 0.12 H). 

*H NMR (DMSO): 8 = 6.90 (br s), 6.54 (br s), 2,59 (br s). 

"C NMR (DMSCKJ: 5 = 145.8. 128.4, 127.9*. 1 13.3*. 36.0*. 

(DIO^'^'-Tetraraetliylbenzldlne (3) 

3 J'^^'-Tetraiiiethylbenzidiije (10 g. 41.6 mmol), 10% Pd/C (1 g, 
10 wt% of the substrate), and 5% Pt/C (2 g, 20 wt% of the substrate) 
In DjO (340 mL) were stirred at 180 °C in a 500- mL autoclave un- 
der a H 2 atmosphere for 24 b. The mixture was worked up according 
to the procedure for 1. The residue was subjected to column chro- 
matography (silica gel, EtOAc-hexane, 1:4 to 1:1) to give 3,3'33'- 
lcttamcthyIbeuzidLDe-J a (5.4 g, 51%) as a pale yellow solid. 

Isotope distribution (EI-MS): 1 % d at 8% d w . 29% d iS , 62% <* lfr 

'H NMR (CDC! 3 . benzene): 6 = 7.13 (s, 0.08 H), 3.54 (s. 4 H). 2. 19 
(s.(X29H). 

*H NMR (CHClj): 5 = 7.19 (br s). 2.22 (br s). 

»C NMR (CDdj): 8 a 141.1, 131 J. 126.0*. 121.6, 17.0*. 

[DJ-^-Duoctuylbauidine (4) 

33'-Diinemylbeoadijie (16 g, 75.4 mmolX 10% Pd/C (1.6 g, 10 
wt% of the substraieX and 5% Pt/C (3.2 g, 20 wt% of the substrate) 
in DjO (540 mL) were stirred at 180 °C in a 1-L autoclave under a 
H 2 atmosphere for 24 h. After cooling, the mixture was diluted with 
EtOAc (600 mL) and the mixture was filtered and washed with 
EtOAc (2x 30 mL). The combined organic layers were washed with 
H 2 0 (300 mL). dried (MgSO*). and concentrated in vacuo. The res- 
idue was subjected Co column chromatography (silica gel, EtOAc- 
hexane, 1:2 to 1:1) to give 33Mimemylbcrizidine-< (123 g. 73%) 
as a pale brown solid. 

Isotope distribution (EI-MS): 1% d* 7% d n , 26% d, ,, 66% d n . 

l H NMR (acetone-o^ dioxane): 8-7.18 (s, 0.09 H). 7.12 (a, 0.05 
H), 432 (s. 4 HX 2.13 <*, 0.16 H). 

*H NMR (acetone): 8 = 7. 17 (br m). 6.70 (br s), 2. 12 (br s). 

,3 C NMR (aceione-di): 8= 145.0. 131.2, 128.0*, 124.4*. 1223, 
1 15.0*. 16.7* 

[D]-Bis(4-Amln0phenyl) Etber (5) 

Bts(4-amioophenyl) ether (200 g, 1.0 molX 10% Pd/C (20 g, 10 
wt% of the substrateX and 5% PtfC (40 g, 20 wt% of the substrate) 
in D z O (6.8 L) were stirred at 1 80 °C in a 13-L autoclave under a H 2 
atmosphere for 24 b. After cooling, the mixture was filtered to col- 
lect the product 2nd heterogeneous catalysts. To the collected mix- 
ture, acetone (8 L) was added to dissolve the product and the 
mixture was filtered to remove the heterogeneous catalyst. The col- 
lected catalyst was washed with acetone (3 x 500 mLX and the fil- 
trate was concentrated in vacuo to a volume of 6.5 L. The resultant 
mixture was filleted through a pad of silica gel (500 g), and the sil- 
ica gel was washed with acetone (3x 500 mLX The filtrate waacon- 



H-D Exchange Reaction 1475 

centrated in vacuo. The residue was dissolved in 1 M HO (1.72 L) 
and MeOH (0.78 L) to prepare the hydrochloride of 5, and activated 
carbon (7.8 g) was then added. The mixture was stirred at r.t for 1 
h and filtered to remove activated carbon. A solo of 1 M NaOH 
(2.34 L) was added to the filtrate to crystallize the desired product 
The resultant slurry was filtered, and the obtained solid was washed 
with HjO (1.5 L), then dried in vacuo to afford bis(4-aminophenyI) 
ether-d^ (137 g f 66%) as a pale brown solid. 

Isotope distribution (HI-MS): 2% d^ 16% d» 82% </,. 

l H NMR (acetone-dg, dioxane): 8 = 6.88 (s. 0.08 H), 6.62 (s, O.07 

H).4.34(br,4HX 

*H NMR (acetone): 8 = 6.71 (br s). 6.65 (br s). 

,3 C NMR (acetone-rfs): 6 « 150.2, 144.2, 1193*, 115.5*. 

H-D Exchange Reaction of ToJrddine In a 1-L Autoclave 
(Scheme 1); General Procedure 

Toluitfine (20 g. 187 mmol), 10% Pd/C (2 g, 10 wt% of the sub- 
straieX and 5% Pt/C (4 g. 20 wr% of the substrate) in DjO (680 mL) 
were stirred at 180 °C in a L-L autoclave under H 2 atmosphere for 
24 h. After cooling, the mixture was diluted with EtOAc (300 mL), 
and the mixture was filtered and washed with EtOAc (2 x 20 mL). 
The combined organic layers were washed with HjO (150 mL). 
dried (MgSO*), and concentrated in vacuo. The obtained product 
was purified by column chromatography (silica gel, EtOAc-hex- 
ane, 1:20 to 1:4). 

[Dho-Tuhiidine(9) 

5% PdVC (4g, 20 wt% of the substrate) was used instead of 10% Pd/ 
C; <^toluidine-d 0 (133 g, 62%) was obtained as a brown oil. 

Isotope distribution (EI-MS): 1 % d* 1% <f 3 , 6% d M 33% d* 19% tf* 
40% 4. 

l H NMR (CDC1 3 , benzene): 8 = 7.04-7.03 (id, 0.04 HX 6.70(s. 0.03 
H), 3.57 (br, 2 HX 243 (s. 0.07 HX 

*H NMR (CHC1 3 ): 8 - 7. 14 (br s), 6.81-6.77 On* m), 2.19 (br s). 

,3 C NMR (CDC1 3 ): 8=1443, 129.8*. 1263* 121.9. 118.0*, 
114.4*, 16.5*. 

[D^Tahridixie (10) 

m-Tolukttne-d, (153 g, 7 1 %) was obtained as>& brown oil. 

Isotope distribution (EI-MS): 1 % d 2 , I % d^ 9% d A . 3 1 % d 5 , 1 9% d^ 
39% dj. 

•H NMR (CDClj. benzeneX 8 ~ 7.0+ (s. 0.03 HX 638 (s. 0.02 H), 
63 1-649 (m, 0.04 H), 3.48 (br, 2 H), 2.23 (s, 0.04 H). 

*H NMR (CHQ j): 6 = 7.12 (br s). 6.66-6.58 (br m). 2.26 (br s). 

l3 C NMR (CDCl,): 8-146.0, 138.6. 128.5* 118.9*, 115.5*. 
11 1.7*, 20.6*. 

P]^Toluidme(ll) 

p-Tolmdiae-da (12.4 g, 58%) was obtained as a pale brown solid. 

Isotope distribution (EI-MS): 1% d» 1% 8% <k 43% d y 14% 
4s. 33% <*,. 

J H NMR (CDCI3, benzene): 5=6.96 (m, 0.06 H), 6.60 (m. 0.05 H), 
3.41 (br, 2 H), 230 (s, 0.08 H). 

*H NMR (CHQ a ): 8 = 7.02 (br m), 6.67 (br m), 2.21 (br s). 
l3 C NMR (CDOj): 8 = 143.5. 129.2*. 127.3, 1 14.7*. 19.6*. 

Synthesis of Ioekknlnene-4, from Toluddlne-^ (Scheme 1); Gen- 
eral Procedure 

To a stirred sain of toluidme-d,, (123 g, 0. 103 mol) in acetone (210 
mL) was added dropwise coned HC1 (26.9 g, 0.259 mol) below 10 
°C. A Boln of NaNOj (732 g. 0.106 mol) in HjO (20 mL) was added 
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dropwise to the stirred mixture at 5 °C over 30 min. The mixture 
was stirred at 3 "C for 45 rain. To the diazoniura soln was then add- 
ed dropwise a solo of Nal (30.9 g. 0.206 mol) in H 2 0 (35 mL) at 
-30 °C over 20 mio. The mixture was stirred at -20 °C for 80 min, 
at —20—0 °C for 30 min. and then allowed to come up to 20 °C within 
1 5 min. A soln of NaQAc (4.8 g» 0.06 mol) in H 2 0 (50 mL) was add- 
ed to the mixture, which was then concentrated in vacuo. To the res- 
idue was added a soln of NaHSOj (2 g) in Hp (50 mL) and the 
mixture was extracted with hexane (200 mL). The extract was 
washed with NaHSOj (0.5 g) in HjO (50 mL), 2% aq NaOH (50 
mL), and H 2 0 (2 x 50 mL). dried (MgSOJ, and concentrated in vac- 
uo. Use obtained product was purified by column chromatography 
(silica gel, hexane). 

[Dl-o-Iodotohiene (12) 

olodotoluene-4, (18.6 g, 80%) was obtained as a colorless oil. 
Isotope distribution (EI-MS): 2% d& \1% d& 81% d 7 . 

*H NMR (DMSO-^^methoxyphenol): 6 = 7.82 (s,0.03 H). 7.33- 

730 (ro, 0.06 H), 6.93 (s, 0.03 H), 233 (s, 0.08 H). 

*H NMR (DMSO): 8 = 7.B7 (or s), 7.38 (br m), 7.00 (br s). 2.35 (or 

s). 

,3 C NMR (CDOj): 5=141.0, 138.4*, 129.2*. 1273*, 126.7*, 
100.9, 27.3*. 

[D^fli-Iodotolnene (13) 

Following the general procedure for the preparation of iodotohiene, 
except for the following operation; to the diazonium soln was added 
dropwise Nal in H4O at 0 X over 40 min. The mixture was stirred 
at 0 °C for 2 h, at 10 °C for 1 h and then allowed to come up to 15 
°C within 15 min. /w-IodotoLuene-J B ( 1 1.9 g, 77%) was obtained as 
a pale yellow oil. 

Isotope distribution (EI-MS): 2% dj, 18% d& 80% dj. 

l H NMR (CDa 3 , dioxane): 6 = 7.55 (s, 0.03 H), 7.49 (a, 0.03 H), 
7.13 (s, <X03 HX 6.98 (s, 0.02 H). 2.27 (9, Ql06 H). 

*H NMR (CHQO: 8 = 7,61 (br s), 756 (br s), 7.19 (br sX 7j05 (br 
s). 2.29 (brs). 

l5 CNMR(CDCl3):8= 139.8, 137.6* 133.9*, 1293*. 127.8* 94.0, 
202*. 

[DJ-p-IodotoIuene (14) 

p-Iodotoluene-4, (18.2 g, 77%) was obtained as a colorless oil. 
Isotope distribution (EI-MS): 2% 4, 16% dfe, 82% d 7 . 
l H NMR (DMSO-4, ^-memoxyphenol): 8 = 759 ($, 0.05 H), 7.01 
(9, 0.06 H),12l(s, 0.08 H). 

*H NMR (DMSO): 8 = 7.65 (br sX 7.07 (br sX 2.24 (br s). 
I3 C NMR (CDQj): 8 = 137.0, 136.6* 130.6*, 89.8, 20.3*. 

[DJ-Phentertnine (IS-d) 

Phentermine (15, 20 g. 134 mmol), 5% PdVC(4 g, 20 wr% of the 
substrate), and 5% Pt/C (4 g, 20 wt% of the substrate) in DjO (680 
mL) were stirred at 180 °C in a 1-L autoclave under a H 2 atmo- 
sphere for 24 h. After cooling, the mixture was diluted with ErOAc 
(680 mL) and filtered to remove the heterogeneous catalyst The fil- 
tered catalyst was washed with EtOAc (2 x 20 mL). The combined 
organic layers were washed with brine (200 mL), dried (MgSO*), 
and concentrated in vacuo. Phentermine-^, was obtained and used 
for the next step without further purification. The deuterium content 
(%) was determined after conversion of the N -acetyl derivative. The 
procedure is as follows: To a stirred crude product (160 rug) in EtjO 
(73 mL) and 4 M NaOH (6 mL) was added Ac^O (20 drops) at r.L 
and the mixture was stirred for 30 min. The layers were men sepa- 
rated and the organic layer was washed with H 2 0 (6 mL) and then 
concentrated in vacuo. Tbe residue was subjected to preparative 



TLC (EtOAc-hexnne, 1:2) to obtain tf-acctylplienteimine-rfo as a 
white solid (48% in 2 steps). 

Isotope distribution (TOF-MS): 1% </ 7 . 2% d t , 5% 4,, 10% d l0 . 22% 
<f ll ,33%<A,,27%</ l3 . 

■H NMR (CD 2 Clj): 5= 7.28 (a. 0.08 H), 7.22 (s. 0.04 H). 7.13 (s, 
0.09 HX 5.12 (br. I HX 3.01 (d, 0.60 H), 1.85 (s, 3 H), 1.29-1.24 (m, 
0.89 H). 

3 H NMR (CHjQa): 6 = 732-7. 18 (br mX 3.01 (br s). 1 .26 (br s). 

,3 C NMR (CDaOj): 8=169.6, 1383*. 13Q3», 127.6*. 125.8', 
44.4* 27.2*. 24.7. 

(UjMVK^-Butoxycarbcmyl)-2-rrtt^hj1-l-ph<iiylpf^pan-2- 
amine (16) 

To a stirred mixture of 15-rf (9 g, 603 mmol) in THF (36 mL) and 
3 M NaOH (21 mL) was added dropwise a soln of BocjO (13.8 g, 
633 mmol) in THF (14 mL) at r.L and the mixture was stirred for 
30 min. The mixture was diluted with EtOAc (100 mL) and the lay- 
ers were separated. The organic layer was washed with H 2 0 (100 
mL) and brine (100 mL) and dried (MgSOJ. Concentration of the 
soln in vacuo afforded crude 16 (16 g)» which was used in the next 
step without purification. 

>H NMR (CDjCla): 5 = 7.26 (s, 0.06 HX 7.21 (s, 0.03 HX 7.14 (9, 
0.07 HX 4.28 (br, 1 H). 2.93 (d, 033 HX 1.44 (s,9H). 1.23-1.19 (m. 
1.09 H). 

*H NMR (CH 2 C1 2 ): 6 = 734-7.22 (br m). 2.97 (br s). 1.23 (br s). 

"CNNDKCDjOa): 6= 154.7, 138.4, 130.4*. 127j6*, I26.0*,85.5, 
517, 44.9* 28.8. 27.1* 

P>A^^-Bu*oxyrarbouyl-A^2Hiim^ 
urine (17) 

To a stirred mixture of 16 (15 g, 612 mmol) and NaH (60% w/w in 
mineral oil, 7.2 g, 181 mmol) in DMF (150 mL) was added Mel 
(42.7 g, 301 mmol) at r.t and the mixture was stirred for 5 h. The 
mixture was diluted with H 2 0 (200 mL) and extracted with EtOAc 
(150 mLX The organic layer was washed with H 2 0 (3 x 100 mL) 
and brine (100 mL) and dried (MgSO«X Concentration of the soln 
in vacuo afforded the erode 17 (15 g), which was used in tbe next 
step without purification. A small portion of the crude product was 
purified by preparative TLC (EtOAc-bexane, 1:20), and 17 was ob- 
tained as a colorless oil 

l H NMR (CDjClj): 8 = 7.26 (s, O.Ofi H), 7.20 (s, 0.04 H), 7.14 (s, 
0.09 HX 3.06 (d, 0.64 H), 132 (s, 9 H), 136-1.32 (m, 0.89 H). 

*H NMR (CHjCla): 6 e 73 1-7.20 (br raX 3.07 (brs). 134 (br s), 

ia CNMR(CD a Cl 2 ): 8= 155.9. 139.0. 130.1*. 1273* 125.6* 793, 
44.6*. 323. 28.9,27.7*. 

[D]-MephemermiDe HemlsuHate (18-J) 
To a som of 17 (3 g, 11.4 mmol) in Et 2 0 (30 mL) was added drop- 
wise coned HQ (5.7 g, 68.4 mmol) at r.L and the mixture was stirred 
for 3 h. The aqueous layer was then separated and Et/) (30 mL) was 
added and followed by aq NaOH until the pH reached 1 1 . After sep- 
aration of the organic layer, coned HyS0 4 (ca. 250 rag) was added 
dropwise to the organic layer. The resultant slurry was filtered and 
the solid was washed with EtjO (10 mL). Drying in vacuo afforded 
18-rf(1.2g.39% from 15). 

Isotope distribution (TOF-MS): 1% d & , 1% <*,, 2% 5% d* 12% 
d lQt 23% rf u , 31% d^ 25% d iy 

l H NMR (D 2 0): 8 » 733 (s, 0.09 HX 7.29 (s. a04 HX 7.22 (s, 0.10 
H), 2.87 (d. 0.62 H), 238 (s, 3 HX 1.22-1.18 (m, 0.88 H). 
*H NMR (H 2 0): 5 = 732-7.22 (brm), 2.81 (brs), 1.13 (brs). 
l *C NMR (DjO): 5= 135.0, 131^*, 128.9*. 127.8*. 59.9, 44.3*. 
273. 22.1*. 
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[DWChloroacetylW 
(19) 

To a sola of 17 (1 1.8 g, 44.9 mmol) in EtjO (118 mL) was added 
drop wise cooed HG (27 g, 269 mmol) at r.t. and the mixture was 
stirred far 3 h . To the resultant mixture was then added aq NaOH 
until the pH reached 1 1. To the separated organic layer was added 
2 M NaOH (71 mL, 141 mmol). Chloroacetyl chloride (7/7 g. 68.2 
mmol) was added dropwise to the resultant mixture, and the mixture 
was stirred at r.L for 2 h. The separated organic layer was washed 
with HjO (2 x 20 mL), brine (2 x 20 mL). and dried (MgSOJ. Con- 
cemtarion of the so In in vacuo afforded the crude 19 (7.6 g, 69% 
from 15), which was used in the next step without purification. 

Isotope distribution (TOF-MS): 2% d& 2% a%, 4% a\, 9% a\, 12% 
d x> 19%rf ll ,29% <r l2 ,23%4„. 

£ H NMR (CDjClj): 5 = 756 (s, 0.07 H), 7.21 (s. 0.03 H), 7.14 <s, 
0.07 H). 4.06 (s, 2 HX 3. 15 (d. 0.57 H). 2.56 (s,3H), 1 .42-1 .37 (m, 
0.85 H). 

*H NMR (CH^Cli): 5 = 7.31-7.18 (br m). 3.16 (br s), 1 39 (br s). 

,3 C NMR (CDjClj): & - 166.8. 138.3, 130.4* 127.6*, 125.9*. 60.4. 
45.1,43.2*, 33.7,30.0*. 

[DJ-Oxethazaine (2(W) 

A mixture of ethanolamine (0.85 g. 13.85 mmol), Kl (0.46 g. 2.8 
mmoJX THF (52 mL), and 3 M NaOH (212 mL, 63.7 mmol) was 
heated to 60 C C; then a soln of crude 19 (7.0 g, 27.7 mmol) in THF 
(35 mL) was added dropwise to the mixture at the same tempera- 
ture. The resultant mixture was refluxed for 6 h. After cooling, the 
mixture was diluted with EtOAc (90 mL). The separated organic 
layer was washed with H 3 0 (2 x 35 mL) and brine (35 mL). dried 
(MgSOJ, and concentrated in vacuo. The residue was purified by 
column chromatography (silica gel. CHjCVMeOH. 20:1) to afford 
(6.6 g. 97%) as a pale yellow solid. 

Isotope distribution (TOF-MS): 2% d X7 , 2% <*,„, 4% d l9 , 7% d^ 
1 1 % 4,. 14% d^ 17% dn, 17% 16% d v , 10% d* 

'H NMR (CDjCy: 6 = 7.24 (s. 0.18 H), 7.20 (s. 0.08 H), 7.12 (», 
0.20 H), 5.12 (hr 1 HX 3-54 (m, 6 HX 3.16 (d, 0.1.36 HX 232 (t, 2 
H), 2.49 (s, 6 H), 1.41-136 (m. 1.84 H). 

*H NMR (CH a C3j): 5 « 730 (br m), 3. 19 (br s). 1 .40 (br sX 

xi C NMR (CDjCl,): 5 = 172J, 138.8, 1 30.1*. 127.6*, 125.8*. 60.3, 
59.9, 59.2, 58.4, 43.5», 32.2, 27.0*. 
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